The glycan shield on the envelope glycoprotein gp120 of HIV-1 has drawn immense attention as a vulnerable site for broadly neutralizing antibodies and for its significant impact on host adaptive immune response to HIV-1. Glycosylation sites and glycan composition/structure at each site on gp120 along with the interactions of gp120 glycan shield with broadly neutralizing antibodies have been extensively studied. However, a method for directly and selectively tracking gp120 glycans has been lacking. Here, we integrate metabolic labeling and click chemistry technology with recombinant gp120 expression to demonstrate that gp120 glycans could be specifically labeled and directly detected. Selective labeling of gp120 by Nazidoacetylmannosamine (ManNAz) and N-azidoacetylgalactosamine (GalNAz) incorporation into the gp120 glycan shield was characterized by MS of tryptic glycopeptides. By using metabolically labeled gp120, we investigated the impact of gp120 glycosylation on its interaction with host cells and demonstrated that oligomannose enrichment and sialic acid deficiency drastically enhanced gp120 uptake by bone marrow-derived dendritic cells. Collectively, our data reveal an effective labeling and detection method for gp120, serving as a tool for functional characterization of the gp120 glycans and potentially other glycosylated proteins.
Glycosylation is among the most ubiquitous post-translational modifications in microbial and mammalian cells, participating in most physiological and pathological processes (1) . In particular, glycan interactions with the immune system have important implications in human health and disease (2) . One prominent example is the interaction of the HIV-1 envelope spike (i.e. three heterodimers of gp120 -gp41 envelope glycoproteins) with the host protein CD4, a key step for viral entry, and infectivity of CD4 ϩ T cells (3) (4) (5) . gp120 has remarkably high levels of surface glycosylation with glycans contributing to nearly half of its molecular weight and gp120 recognition by broadly neutralizing antibodies (bNAbs) 2 (6) . In the past decade, a wealth of information has illustrated that instead of being a shield avoiding immune responses, HIV-1 gp120 glycans contribute to the major "sites of vulnerability" targeted by bNAbs (3, 4, 8) . Moreover, differential glycosylation of gp120 is associated with its antigenicity (recognition by specific antibodies) (9, 10) , immunogenicity (antibody elicitation) (11, 12) , and T cell recognition and response (13, 14) . Therefore, it is critical to further understand immune interactions of gp120 glycans to gain insight into the impact of gp120 glycans in viral infectivity and immune responses to gp120 contains between 23 and 26 N-linked glycosylation sites throughout its sequence in different virus clades (15) (16) (17) . gp120 glycans are composed of a mixture of high-mannose, hybrid, and complex glycan structures (18, 19) . Depending on the cell type in which the glycoprotein is expressed, the gp120 glycosylation profile varies (10, 16) . During the past few years, MS, combined with digestion of gp120 by various proteases and glycosidases, has been widely used for comprehensive glycosylation site analyses of gp120 (15, 17, 19 -23) . Structure-based studies of the HIV-1 envelope also provided new insights into gp120 glycan structures (24 -28) . However, functional characterization of gp120 glycosylation by specific targeting of gp120 glycans has been mostly overlooked. In this study, we label gp120 glycans specifically by metabolic labeling and click chemistry and characterize the labeled glycans for their structure and function.
Metabolic labeling of glycoconjugates using bioorthogonal reagents and click chemistry has become a powerful tool in glycobiology, mainly employed for glycoprotein discovery (29 -31) . Bioorthogonal labeling of glycans on glycoproteins consists of two steps. First, bioorthogonal, azido-functionalized monosaccharide building blocks are incorporated during the cellular glycoprotein biosynthesis (32) . Second, glycans bearing azido sugars can be selectively reacted with an alkyne reagent linked to a fluorescent dye or biotin through what is called the click reaction (33) . Three fully acetylated azido-monosaccharide analogs have been commonly used for metabolic labeling of vertebrate glycans: N-azidoacetylglucosamine (GlcNAz), N-azidoacetylmannosamine (ManNAz), and N-azidoacetylgalactosamine (GalNAz). After entry into the cells, GlcNAz is specifically incorporated into intracellular O-GlcNAcmodified glycoproteins (33, 34) . ManNAz is converted metabolically to SiaNAz and incorporated into sialic acid on N-and O-linked glycans (33, 34) . GalNAz is first converted to UDP-GalNAz through endogenous biosynthesis and then efficiently converted to UDP-GlcNAz, labeling O-GlcNAcylated proteins (35) . Meanwhile, MS analysis of GalNAz-labeled N-glycans released from glycoproteins as their permethylated derivatives suggested that GalNAz is incorporated into N-glycans, with no information on the sites at which the azido sugar was incorporated (36) . Whereas metabolic labeling of glycoproteins is widely used to probe cell surface and intracellular glycoproteins in living cells, its utilization in targeting specific monosaccharides in recombinantly expressed glycoproteins has been limited (37) . Particularly, the direct detection of azido-sugar incorporation into glycoproteins by MS remains poorly delineated.
Here, we demonstrate that gp120 glycans could be metabolically labeled by including azido-modified monosaccharide building blocks in the gp120 expression culture medium. After protein purification and reaction to either fluorophore-labeled or biotinylated dibenzocyclooctynol (DIBO) reagents, gp120 glycans can be specifically detected in fluorescence scanning or Western blotting-based assays, providing a direct tracing method for gp120 glycans. The specific azido-monosaccharide incorporation into certain glycans was verified by glycosidase treatments and characterized by direct MS analysis. Furthermore, we utilize this labeling and detection tool to investigate the effects of gp120 glycosylation on the uptake of gp120 by antigen-presenting cells (APCs). Our findings serve as a versatile tool for tracing and studying glycans on gp120 and potentially other soluble glycoproteins.
Results

gp120 glycans can be labeled with azido analogs and detected by click chemistry
To metabolically label gp120 glycans, the azido-modified metabolic glycoprotein-labeling reagents GlcNAz, ManNAz, and GalNAz were added together into the FreeStyle TM 293-F cells transfected with gp120 expression plasmid. The azido sugars were metabolically incorporated into N-linked, O-linked, sialic acid-modified, and O-GlcNAz-modified gp120, respectively, through the oligosaccharide biosynthesis pathway (34) . Purified gp120 proteins with or without metabolically labeled azido sugars were reacted with Alexa Fluor 488 DIBO alkyne in vitro and detected by fluorescence scanning after separation by SDS-PAGE. Although the glycoproteins were equally loaded, as shown in Coomassie gel staining ( Fig. 1B) , only the gp120 metabolically labeled with azido sugars reacted with DIBO reagent and was detected by fluorescence scanning (Fig.  1A) . The azido sugar incorporated into gp120 glycans can also be reacted with biotinylated DIBO alkyne reagent and detected by Western blotting using a secondary horseradish peroxidase (HRP)-conjugated avidin antibody (Fig. 1C, top) . To validate the band as intact gp120, two gp120-specific antibodies, A32 and 2G12, were used, recognizing a highly conserved conformation-dependent epitope of gp120 (38) and N-linked glycan shield of gp120 (39) , respectively (Fig. 1C , middle and bottom). To optimize the in vitro labeling, gp120 with azido-sugar incorporation was reacted with different concentrations of Alexa Fluor 488 DIBO alkyne or biotinylated DIBO alkyne and detected by fluorescence scanning (Fig. 1D) or Western blotting ( Fig. 1E ). Based on this result, 40 M Alexa Fluor 488 DIBO alkyne and 500 M biotinylated DIBO alkyne were used in the subsequent study. These data demonstrate that gp120 glycans are metabolically labeled with azido sugar and specifically detected by either fluorophore-labeled or biotinylated DIBO reagents, providing a direct detection method for gp120 glycans.
ManNAz and GalNAz are specifically incorporated into gp120 glycans
To further determine which azido sugar was incorporated into gp120 glycans, individual azido sugars were used to label gp120. Identical concentrations of GlcNAz, ManNAz, and GalNAz were incubated separately with gp120-expressing 293-F cells. Purified gp120 proteins were then reacted in vitro with either fluorophore-labeled DIBO alkyne or biotinylated DIBO alkyne and detected by fluorescence scanning or Western blotting, respectively. Analysis of GlcNAz incubation yielded that GlcNAz was not incorporated into gp120 glycan structure ( Fig. 2A ). The very faint fluorescent signals from the gp120 sample reacted with Alexa Fluor 488 DIBO alkyne in GlcNAz-positive and GlcNAz-negative groups in Fig. 2A (top, lanes 2 and 4) are due to low nonspecific/background binding. This observation was confirmed by the Western blotting of gp120 reacted with biotinylated DIBO alkyne, as no specific signal was detected in any group ( Fig. 2A, bottom) . However, gp120 proteins were equally loaded in each group, as shown in Coomassie gel staining ( Fig. 2A, middle) .
In contrast to no detectable labeling of gp120 with GlcNAz, ManNAz and GalNAz were incorporated into gp120 glycans. gp120 proteins incubated with both ManNAz and GalNAz reacted with Alexa Fluor 488 DIBO alkyne or biotinylated DIBO alkyne (Fig. 2, B and C) . When compared side by side, the fluorescence signal from GalNAz-incorporated gp120 was stronger than the gp120 labeled with ManNAz ( Fig. 2D ). Increasing amounts of gp120 proteins were loaded on SDSpolyacrylamide gel and reacted with Alexa Fluor 488 DIBO alkyne to detect by fluorescence scanning (Fig. 2D , left) or stained with Coomassie Blue as a protein-loading control ( Fig. 2D, right) . These results demonstrate that azido sugars ManNAz and GalNAz, but not GlcNAz, can be effectively incorporated into gp120 glycans during protein expression. In addition, GalNAz-incubated gp120 displays a stronger signal than ManNaz-incubated gp120, suggesting its higher incorporation into gp120 glycan structures.
The incorporation of these nonnatural sugars, together with fluorophore or biotin moiety, did not affect the antigenicity of Specific labeling and tracing of gp120 glycans gp120, evidenced by comparable binding to bNAbs specific for the HIV-1 CD4-binding site (VRC01) and glycans (2G12) in an ELISA ( Fig. 3 ).
Treatment of gp120 with various glycosidases verified ManNAz and GalNAz incorporation
To further determine the specificity of gp120 glycan incorporation with azido sugars, glycosidases, also known as glycoside hydrolases, were used to remove specific carbohydrate structures from labeled gp120. Purified gp120 with or without azido-sugar incorporation was further treated with peptide N-glycosidase F (PNGase F) to remove N-linked glycans (i.e. high mannose, hybrid, and complex oligosaccharides) from gp120 glycoproteins (9, 19) . The extent of deglycosylation was assessed by band shift in Coomassie gel staining ( Fig. 4 (A and  B) , middle). gp120 proteins before or after PNGase F treatment were reacted with fluorophore-labeled DIBO alkyne or biotinylated DIBO alkyne and detected by fluorescence scanning or Western blotting. Both the fluorescent and biotin signals were absent after PNGase F treatment in both ManNAz-and GalNAz-incorporated gp120 proteins ( Fig. 4 (A and B) , top and bottom), demonstrating the specific labeling of gp120 by those azido sugars.
ManNAz is metabolically incorporated into sialic acid residues on N-and O-linked cell surface and secreted glycoproteins, whereas GalNAz is utilized as a substitute for GalNAc and incorporated into the core cell surface and secreted O-linked glycoproteins (30, 33, 40) . Thus, the specificity of ManNAz incorporation into sialic acid can be verified by sialidase (neuraminidase) treatment to remove azido-labeled sialic acid (10) . Purified gp120 proteins with or without ManNAz or GalNAz incorporation were first treated with sialidase A that cleaved all nonreducing terminal sialic acids. Sialidase treatment resulted in a slight loss of molecular weight revealed by the shift in Coomassie gel staining ( Fig. 4 (C and D) , middle). gp120 proteins with or without sialidase treatment were reacted with fluorophore-labeled DIBO reagent or biotinylated DIBO reagent and detected by fluorescence scanning or Western blotting by SDS-PAGE. Azido-labeled sialic acids were effectively removed by sialidase, as evidenced by the significant Figure 1 . Metabolic labeling and click chemistry detection of gp120 glycans. The purified azido-labeled gp120 proteins specifically reacted with Alexa Fluorா 488 DIBO alkyne were detected by fluorescence scanning in SDS-polyacrylamide gel (A). B, equal concentrations of glycoproteins with or without azido sugar and DIBO fluorophore were loaded on a SDS-polyacrylamide gel and verified by Coomassie gel staining. C, gp120 with or without azido-sugar incorporation was reacted with biotinylated DIBO alkyne and detected by Western blotting using HRP-conjugated avidin (top). gp120 protein loading was verified by gp120-specific antibodies A32 (middle) and 2G12 (bottom). gp120 with azido-sugar incorporation was reacted with increasing concentrations of Alexa Fluorா 488 DIBO alkyne and detected by fluorescence scanning (D) or biotinylated DIBO alkyne and detected by Western blotting (E).
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reduction of both fluorescent and biotin signals of gp120 proteins expressed in the presence of ManNAz (Fig. 4C , top and bottom). In contrast to ManNAz, the azide signal from gp120 with GalNAz incorporation was not affected by sialidase treatment (Fig. 4 , D (top and bottom) and E). These results demonstrated that azido-sugar ManNAz and GalNAz were distinctly incorporated into gp120 glycans. In addition, ManNAz was metabolically incorporated into terminal sialic acid of gp120 glycans, which can be efficiently removed by sialidase treatment.
Characterization of azido glycans by MS
Before characterizing azido-labeled gp120, comprehensive glycomic and glycopeptide analyses were performed on gp120 without azido-glycan labeling. The whole N-glycan profile was characterized by analyzing N-glycans released by PNGase F digestion and demonstrated that the unlabeled gp120 monomer carries both high mannose-and complex-type N-glycans with the latter type being the major N-glycan components (Fig.  5A ). Because the 293-F cellular expression system is known to yield glycoproteins bearing N-linked LacdiNAc (GalNAc␤4 GlcNAc␤-) structures (41), we interrogated mass spectra of gly-cans released from gp120 expressed by 293-F cells for the presence of LacdiNAc and detected very low abundance of Lac-diNAc on this particular recombinant protein (pSyn gp120). The relative abundances of the most prevalent glycans possessing LacdiNAc were as follows: Gal1GalNAc1N2M3N2F, 0.8%; GalNAc2N2M3N2F, 0.2%; Gal1GalNAc1N2FM3N2F, 0.2%. Our search for the presence of sialylated LacdiNAc yielded no results. Low abundance of LacdiNAc structures on 293-Fexpressed gp120 has been reported previously (42) . MS/MS fragmentation at m/z ϭ 1156 (2ϩ), corresponding to the mass of the most abundant LacdiNAc glycan (Gal1GalNAc1N2 M3N2F), revealed an isomeric mixture in which the LacdiNAc structure is the minor component ( Fig. 5B ).
This observation is consistent with previous reports that the gp120 monomer has significant levels of complex-type glycans (19) . N-Glycosylation site occupancy analysis covered all 23 potential N-linked glycosylation motifs (NX(S/T)) in the gp120 sequence. Among those 23 sites, 20 of them are N-glycosylated, whereas three do not carry any N-glycans (Table 1) . Furthermore, peptide regions carrying N-glycan (and one O-glycan) were identified and characterized by direct glycopeptide analysis of trypsin-digested samples (Table S1 ). The glycoproteomic . D, labeling efficiency of gp120 glycans were assessed by reacting increasing amounts of gp120 proteins with Alexa Fluorா 488 DIBO alkyne and detecting by fluorescence scanning (left). The GalNAz-incorporated gp120 showed the strongest fluorescently labeled bands, whereas the protein content was comparable (right).
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analysis of unlabeled gp120 served as a framework for the MS analysis of azido-labeled gp120.
Purified gp120 proteins individually labeled with GlcNAz, ManNAz, or GalNAz were digested with trypsin, and the resulting glycopeptides were profiled by LC-MS/MS. The azido moiety was detected on gp120 glycopeptides bearing N-linked or O-linked oligosaccharides (Fig. 6A ). ManNAz supplementation resulted, as expected, in the incorporation of SiaNAz residues into complex N-linked and O-linked glycans. GalNAz supplementation resulted in the incorporation of GalNAz into O-linked glycans and GlcNAz into high-mannose and complex N-linked glycans. Azido glycans were not detected in gp120 samples produced by GlcNAz supplementation, an observation consistent with fluorescent scanning and Western blotting results ( Fig. 2A ). The position of azido-modified monosaccharide residues within oligosaccharide structures of glycopeptides could be discerned by MS/MS fragmentation using collisioninduced dissociation (CID). A representative spectrum for a glycopeptide ion derived from ManNAz-labeled gp120 demonstrates the incorporation of SiaNAz as a nonreducing terminal, capping residue (Fig. 6B ). The MS/MS-CID spectrum of the triply charged intact glycopeptide at m/z ϭ 1026, AKWN 339 @DTLK (where @ represents the site of N-glycosylation), displays a SiaNAz oxonium ion (minus water) at m/z 315.0936 (singly charged). The spectrum also displays the neutral loss of SiaNAz from the precursor ion at m/z ϭ 1372.5844 (doubly charged), further verifying that the azide was incorporated into the terminal sialic acid residue. Representative spectra for the same glycopeptide ion, AKWN 339 @DTLK, derived from GalNAz-labeled gp120 demonstrate the metabolic interconversion of GalNAz to GlcNAz and subsequent incorporation into reducing terminal or branching positions of complex N-glycans (Fig. 6 , C and D). Three structural isomers were observed from the GalNAz-treated sample. Two isomers coeluted during the LC-MS/MS run and presented as a mixture (Fig. 6C ). Both of these structures carried the azido moiety on a branching GlcNAc, in one case as the sialylated N-acetyllactosamine (LacNAc) antenna and in the other as the nonsialylated LacNAc antenna. The other structural isomer carrying azide at the GlcNAc core was separated and eluted at a slightly later retention time during the LC-MS run (Fig. 6D ). 
An essential question regarding metabolic labeling with bioorthogonal reagents is whether they incorporate with efficiencies approaching physiologic relevance. Therefore, we undertook the quantification of labeling efficiency for azido-modified glycans on gp120 monomer. Comprehensive analysis of azide incorporation at all N-glycosylation sites of gp120 is extremely challenging technically due to the instability of the azido group under chemical derivatization conditions in common use for conventional MS profiling, including cysteine reduction and alkylation for peptide analysis as well as permethylation for glycan analysis. Therefore, it was necessary to undertake glycopeptide analysis for azide incorporation on tryptic digests without cysteine reduction and alklylation. Nine potential disulfide bridges are possible for the gp120 monomer, predicting at least five large glycopeptide/peptide complexes containing one or more disulfide bridges following trypsin digest ( Fig. S1 ). Detection and analysis of such large and heavily glycosylated peptides by LC-MS/MS is difficult. Therefore, to obtain results that would clearly address the question of incorporation efficiency, we selected five tryptic glycopeptides lacking cysteine and quantified their associated azido modifications ( Fig. S2 ). Azido glycans were not detected when gp120 samples were produced with GlcNAz medium supplementation; ManNAz was specifically incorporated into sialic acid, whereas GalNAz was incorporated into core GlcNAc of high-mannose and complex N-glycans as well as into GlcNAc antenna. Incorporation efficiency was calculated as the percentage of peak intensity of azide-labeled glycopeptide compared with the total peak intensity of the glycopeptide with and without azide modification. Among the five glycopeptides selected for analysis, ManNAz incorporation was 13% (detected only in complextype glycans) and GalNAz incorporation was 13% for com-plex-type glycans but only 3% for high mannose-type glycans ( Fig. 6E ).
LC-MS/MS analysis of GalNAz-labeled gp120 glycopeptides identified LacdiNAz structures as well. We detected neutral loss of terminal "HexNAz" and a B2 type oxonium fragment ion corresponding to an azide-labeled LacdiNAc (theoretical m/z 448.1674) from N-glycopeptides having LacdiNAc glycosyl composition (Hex1HexNAc1N2M3N2F) (Fig. 7) . The presence of the LacdiNAz fragment indicates azide incorporation into LacdiNAc resulting from GalNAz treatment. However, our fragmentation does not distinguish whether the azido-modified monosaccharide is installed as GalNAz or GlcNAz.
Sialic acid removal enhances gp120 protein uptake by BMDCs
Because GalNAz can be incorporated into the core/reducing end of gp120 N-glycans as GlcNAz (Fig. 6 , A and C), GalNAz labeling serves as a valuable tool for studying glycan function on gp120 through selective enzymatic glycan removal. Here, we investigated the impact of differential glycosylation of gp120 on its uptake by APCs. GalNAz-labeled gp120 was first reacted with Alexa Fluor 488 DIBO alkyne. Purified fluorophore-labeled gp120 was then incubated between 10 min and 3 h with BMDCs at 37°C. At indicated time points, cells were collected and tested for the fluorescence signal by flow cytometry. BMDCs were washed extensively with PBS to determine total protein binding and uptake ( Fig. 8, A (dotted line) and B (circles)), whereas the protein uptake was specifically measured after cells were washed with acid buffer to remove antigens bound on the cell surface (43) ( Fig. 8, A (solid line) and B (triangles)). As shown in Fig. 8B, gp120 was internalized by BMDCs with an uptake plateau observed at 2 h. To study the 
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role of N-glycans in gp120 uptake, we cleaved all high-mannose structures from gp120 expressed in GnTI Ϫ/Ϫ cells that have been engineered to produce exclusively oligomannose N-glycans (44) by endoglycosidase F1 (Endo F) treatment, leaving a GlcNAz attached to the asparagine (19) . After reacting with Alexa Fluor 488 DIBO alkyne, gp120 uptake was assessed. As expected, the uptake of gp120 without its N-glycan oligosaccharides by APCs was significantly reduced (Fig. 8C) . We further examined the potential role of individual glycan residues on gp120 uptake. BMDCs were preincubated with a variety of saccharide inhibitors followed by uptake of gp120 expressed in 293-F cells with GalNAz incorporation and containing high-mannose, hybrid, and complex N-linked oligosaccharides. Whereas no evident inhibition was observed with lactose, galactose, GalNAc, glucose, or GlcNAc coincubation (Fig. 8, D and E), mannose and mannan notably inhibited gp120 uptake (Fig. 8F) . Interestingly, augmented gp120 uptake was observed upon N-acetylneuraminic acid (sialic acid) coincubation in a dose-dependent manner (Fig. 8G ), suggesting that sialic acid on gp120 surface inhibits gp120 uptake.
Taking this observation further, two GalNAz-labeled gp120 variants, one of which only contains high-oligomannose glycans (i.e. expressed in GnTI Ϫ/Ϫ cells) and the other one specifically lacking sialic acids (expressed in 293-F cells and treated with sialidase) were generated, and their uptake by BMDCs was compared with gp120 expressed in 293-F in the presence of GalNAz. The protein purity and fluorescent intensity were verified by the Coomassie gel staining and fluorescence scanning (Fig. 9A ). Uptake by BMDCs was assessed at 37°C between 10 min and 3 h. In agreement with previous reports (44, 45), Specific labeling and tracing of gp120 glycans enrichment of oligomannose N-glycans by GnTI Ϫ/Ϫ cell expression significantly enhanced the internalization of gp120 by BMDCs, as the uptake plateau was achieved within 20 min (Fig. 9, B and C) . Notably, sialidase-treated gp120 also had a significant increase in its rate of uptake by BMDCs compared with gp120-containing sialic acid (Fig. 9, B and C) , in accordance with the sialic acid coincubation assay (Fig. 8G ). Additionally, the role of differential glycosylation on the uptake of the three gp120 variants was confirmed by confocal microscopy analysis (Fig. 9D) . A monosaccharide competition assay was also performed on GalNAz-labeled gp120 variants to reveal the mechanism underlying the increased uptake. The uptake of gp120 molecules expressed in 293-F cells and treated with sialidase A (Fig. 9E ) or expressed in GnTI Ϫ/Ϫ cells (Fig. 9F ) was only inhibited by mannose and mannan but not affected by other saccharide inhibitors, indicating that oligomannose N-glycans on gp120 contribute to the uptake of these gp120 variants. These results demonstrated that metabolically labeled gp120 with azido analogs provides a valuable tool to trace and study gp120 glycan function. gp120 glycosylation profile is important in mediating gp120 -host interaction, as oligomannose structures promote, whereas terminal sialic acids inhibit, the gp120 internalization by APCs.
Discussion
Analysis and study of gp120 glycosylation are challenging because gp120 proteins contain varying numbers of potential N-linked glycosylation sites, and each site can be modified by one of several glycan structures (19, 20, 46, 47) . Whereas mass spectrometric and X-ray crystallographic approaches have helped to discern certain aspects of the structure and function of the gp120 glycan shield, efforts to specifically target and characterize particular monosaccharide units on gp120 N-glycans have been very limited.
Metabolic incorporation of azido sugars has been effectively used to probe glycosylation of cell surface and intracellular gly-coproteins, but labeling of secreted glycoproteins has been understudied (48, 49) . Here, we combined the metabolic labeling technology with gp120 protein expression to specifically label glycans on a soluble target protein, providing a tool for tracing and studying the function of specific gp120 glycans. We demonstrated that gp120 glycans could be successfully labeled with azido sugars during protein expression and specifically detected by either fluorophore-labeled or biotinylated secondary reagents. ManNAz and GalNAz were efficiently and specifically incorporated into gp120 N-and O-glycans. However, GlcNAz labeling of the N-glycans was not effective, as GlcNAz does not significantly label mammalian cells (33) . Moreover, MS analyses of GalNAz-labeled gp120 directly demonstrated that GalNAz is incorporated into core GlcNAc as well as GlcNAc antenna of high-mannose and complex N-glycans.
The azido-sugar incorporation into cellular glycoproteins was indirectly assessed previously by using various glycosyltransferases (29) , glycosidases (50, 51) , and N-and O-linked glycosylation inhibitors (50, 52) . The direct detection of azide incorporation into glycoproteins by MS has proven to be challenging, restricting the use of metabolic labeling primarily for protein identification rather than for mapping glycosylation (30, 31) . Furthermore, MS analysis of labeled glycans released from glycoproteins as their permethylated derivatives has met with limited success (36) . To circumvent problems, many of which are caused by sample handling (protein reduction, carboamidomethylation, permethylation), we digested gp120 into glycopeptides and analyzed the glycopeptides directly by MS without further derivatization. Using this strategy, we directly demonstrated that ManNAz was specifically incorporated into terminal sialic acid and GalNAz was not only incorporated into the GlcNAc core of high-mannose and complex N-glycans, but also incorporated into the GlcNAc antenna of the complex N-glycans. MS analysis also revealed that the 
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incorporation efficiency of ManNAz and GalNAz varied at different sites and glycan structures. gp120 internalization by APCs can be mediated by cell surface C-type lectin receptors, such as DC-SIGN (44, 53, 54) and mannose receptor (55, 56) ; therefore, gp120 glycan moieties play an essential role in this process. Because the GalNAz can be incorporated into the GlcNAc residue at the reducing end of N-glycans, we utilized GalNAz-labeled gp120 to investigate the impact of glycosylation on gp120 protein uptake by APCs. Endo F removal of all but core GlcNAc residue dramatically impaired gp120 uptake by BMDCs. Individual monosaccharide residues on gp120 N-glycans were assessed for their role on gp120 internalization by APCs by using a variety of glycan inhibitors combined with glycosylation modification through GnTI Ϫ/Ϫ expression or sialidase treatment. In agreement with previous reports (44, 45) , oligomannose N-glycans on gp120 play an essential role in protein uptake by BMDCs, possibly mediated by C-type lectin receptor DC-SIGN in a mannose-dependent manner. Of note, although mouse DC-SIGN has been shown to be highly homologous in sequence to the human DC-SIGN and also binds to mannosylated residues similar to its human homologue, differences in the fine specificity of biochemical properties and recognition of carbohydrate ligands between mDC-SIGN and hDC-SIGN have been reported previously (57) (58) (59) .
Interestingly, preincubation of APCs with exogenous sialic acid or removing sialic acid on gp120 extensively enhanced BMDCs uptake, suggesting an inhibitory effect on gp120 uptake for terminal sialic acids on N-glycan structures. Increased uptake after sialic acid removal from gp120 may involve galactose receptor due to exposed galactose as the terminal residue (60) . Alternatively, removal of sialic acid may promote gp120 binding to mannose-binding lectin (61, 62) . The crystal structures and biochemical analyses of the HIV-1 gp120 -gp41 envelope trimers reveal that the glycan shield is mostly composed of high-mannose structures with limited sialylated glycans (19, 28) . In addition, DC-SIGN on BMDCs was shown to enhance trans-infection of T cells by the virus (54) . Thus, our observation of the increase in BMDCs' uptake of Figure 6. Incorporation of azido-modified monosaccharide residues into N-and O-glycans on gp120 glycopeptides. A, examples of gp120 glycopeptides detected by LC-MS/MS are shown, using SNFG nomenclature to represent the glycan structures. The glycosylation site detected for each glycopeptide is highlighted in red (@ represents the site of N-glycosylation), and the site of azido incorporation is indicated as N 3 and highlighted with a yellow circle. N.D., not detected. B, MS/MS-CID spectrum of m/z 1026 (triply charged), corresponding to the glycopeptide AKWN 339 @DTLK carrying a monosialylated, monofucosylated, biantennary glycan. C and D, MS/MS-CID spectra corresponding to the same glycopeptide ion in B but harvested from cultures fed with GalNAz. Under these conditions, the azido group is detected on branching (C) and core (D) GlcNAc residues. E, the azide incorporation efficiency of gp120 treated with ManNAz, GalNAz, and GlcNAz was determined, respectively, at each site of the five selected glycopeptides based on peak intensity in MS. n.d., not detected. 
desialylated gp120 supports the hypothesis that HIV-1 evolved to decorate its surface with high-mannose patches lacking sialylated complex glycans to enhance lectin-mediated uptake by BMDCs and therefore its infectivity. Further investigation of the involvement of C-type lectin receptors and oligomannose in gp120 binding and uptake by BMDCs may reveal new mechanisms for HIV-1 infectivity.
In conclusion, our current study further proves the value of metabolic labeling/click chemistry for tracing and studying gp120 glycans and potentially other glycoproteins, contributing to our understanding of glycan function in the context of a whole glycoprotein.
Materials and methods
Reagents
The following reagents were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, National Institutes of Health: pSyn gp120 IgG plasmid from Dr. Eun-Chung Park and Dr. Brian Seed (63, 64) , HIV-1 gp120 monoclonal antibody (A32) (catalog no. 11438) from Dr. James E. Robinson (65, 66) , and HIV-1 gp120 monoclonal antibody (2G12) from Dr. Hermann Katinger (39, (67) (68) (69) (70) . The azido-modified metabolic glycoprotein-labeling reagents GlcNAz, ManNAz, and GalNAz and the fluorophore-labeled detecting reagent Alexa Fluor Figure 8 . gp120 glycans modulate uptake of gp120 by BMDCs. A and B, fluorophore-labeled gp120-GalNAz expressed in WT 293-F cells was incubated with BMDCs. Cells were then collected and washed with PBS (dotted line in A and circles in B) to measure combined antigen uptake and binding or with acid buffer (solid line in A and triangles in B) to specifically measure antigen uptake and analyzed by flow cytometry. C, uptake of Alexa Fluorா 488 -labeled gp120-GalNAz expressed in GnTI Ϫ/Ϫ cells with or without Endo F treatment by BMDCs for 2 h was detected by flow cytometry. Gray line, no antigen; blue-shaded, gp120-GalNAz without Endo F treatment; red-shaded, gp120-GalNAz after Endo F. For saccharide inhibition, BMDCs were preincubated with a graded concentration of glycans (lactose, galactose, and acetylgalactosamine (D); glucose and acetylglucosamine (E); mannose and mannan (F); and N-acetylneuraminic acid (G)) at 4°C for 30 min followed by a 30-min incubation with Alexa Fluorா 488 -labeled gp120-GalNAz expressed in 293-F cells. MFI, mean fluorescence intensity. Data are the mean Ϯ S.D. (error bars) *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
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488 DIBO alkyne were purchased from Life Technologies, Inc. The biotinylated DIBO alkyne used in this study was a gift from Dr. Geert-Jan Boons (University of Georgia) (71, 72) . PNGase F and Endo F were gifts from Dr. Kelley Moremen (University of Georgia) (73, 74) . All of the following saccharide inhibitors were purchased from Sigma-Aldrich: D-galactose, N-acetyl-Dgalactosamine, N-acetyl-D-glucosamine, D-mannose, mannan, and N-acetylneuraminic acid. The exceptions were D-lactose (BD Bioscience) and D-glucose (Fisher).
Expression and purification of metabolically labeled gp120
Codon-optimized pSyn gp120 IgG, encoding JR-FL (clade B) gp120, was used as the plasmid for gp120 expression. gp120 was expressed in a serum-free medium as a soluble secreted protein by transient transfection of WT FreeStyle TM 293-F suspension cells (Life Technologies) or HEK293S N-acetylglucosaminyltransferase I mutant (GnTI Ϫ/Ϫ ) cells (ATCC) as described previously (73) . Briefly, suspension cultures were maintained at 0.5-3.0 ϫ 10 6 cells/ml in a humidified CO 2 platform shaker incubator at 37°C. Immediately before transfection, cells were suspended at a 2.5 ϫ 10 6 /ml concentration in fresh Freestyle 293 expression medium (Life Technologies). Transfections of the suspension cultures were accomplished by the direct addition of a 3 g/ml concentration of the pSyn gp120 plasmid DNA and 9 g/ml polyethyleneimine (linear 25-kDa polyethyleneimine, Polysciences, Inc., Warrington, PA) to the suspension culture (75) . After 24 h, cells were diluted with fresh Freestyle 293 expression medium supplemented with valproic acid (Sigma) to a final concentration of 2.2 mM, and protein production was continued for 3-6 days at 37°C. For metabolic labeling, azido analogs GlcNAz, ManNAz, and GalNAz were added together or separately 24 h after transfection to a final concentration of 40 M for each azido sugar. Supernatants were harvested 4 days after transfection for protein purification.
Azido sugar-derived gp120s were purified from transfection supernatant as described previously (16) using Galanthus nivalis lectin-agarose (Vector Laboratories) column chromatography and further purified on a Superdex S200 sizeexclusion column (Bio-Rad) to remove contaminants and dimers. The gp120 fractions were collected, desalted, and lyophilized for long-term storage.
Detection of metabolically labeled proteins
Metabolically labeled gp120s (50 -100 g) in 50 l of TBS buffer were reacted with final concentrations of 40 M Alexa Fluor 488 DIBO alkyne or 500 M biotinylated DIBO alkyne (or a different concentration if indicated) at room temperature in the dark for 1 h. The proteins were separated by SDS-PAGE 
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and detected by fluorescence scanning using a Typhoon 9410 variable-mode imager (Amersham Biosciences) or by Western blotting using a secondary HRP-conjugated avidin antibody (Biolegend). Equal protein loading was verified by Coomassie gel staining. To purify gp120 protein with both azido-sugar and fluorophore labeling, a further desalting procedure using a G-25 desalting column (GE Healthcare) was performed following the manufacturer's protocol to remove unreacted Alexa Fluor 488 DIBO alkyne reagents.
Antigenicity of gp120 with azido-sugar and fluorophore or biotin were measured by ELISA essentially as described previously (76) . Briefly, a 96-well plate was coated with anti-gp120 mAb D7324 (Aalto Bioreagents, Dublin, Ireland) to capture the indicated monomeric gp120. After washing and blocking steps, serially diluted mAbs VRC01 and 2G12 were reacted and detected by HRP-labeled goat anti-human IgG (Santa Cruz Biotechnology, Inc.). Colorimetric detection was performed using 3,3Ј,5,5Ј-tetramethyl benzidine solution (Biolegend), and the reaction was stopped using 2 N H 2 SO 4 .
Glycosidase treatment
To remove N-linked glycans, gp120 was treated with PNGase F and Endo F under denaturing conditions as described previously (73) . Briefly, 50 -100 g of purified gp120 with or without azido-sugar incorporation was boiled for 5 min in 50 l of 20 mM sodium phosphate buffer (pH 7.5) containing 0.05% SDS and 50 mM ␤-mercaptoethanol. 30 milliunits of PNGase F or 2.5-5 g (one-tenth of the protein amount) of Endo F was added into the denatured protein for incubation at 37°C overnight.
Sialidase A (Prozyme) was used to remove sialic acid from gp120 according to the manufacturer's protocol. Up to 100 g of gp120 with or without azido-sugar labeling was reconstituted in 14 l of deionized water. 4 l of 5ϫ reaction buffer and 2 l of sialidase A were added and incubated at 37°C for 3 h. PNGase F-or sialidase A-treated gp120 proteins were separated by SDS-PAGE and analyzed by Coomassie gel staining as well as fluorescence scanning or Western blotting.
Glycomic and glycoproteomic analysis of nonazido-labeled gp120
For gp120 N-glycan profiling, whole N-glycans were released enzymatically by PNGase F, purified, and permethylated according to the method of Anumla and Tylor (77) . Briefly, the proteins were resolubilized and denatured by adding 60 l of 100 mM sodium phosphate, pH 7.5, and 3 l of 1% SDS, 1 M ␤-mercaptoethanol in water. Samples were heated to 100°C for 5 min and cooled down to room temperature. SDS was removed by adding 7 l of 1 M KCl followed by incubation on ice and centrifugation at maximal speed for 15 min at 4°C. The supernatant was recovered and subjected to digestion with 2 l of PNGase F (10 units/ml) at 37°C overnight. The released N-glycans were purified from residual enzyme, deglycosylated protein, and other contaminants by passing through a Sep-pak C18 cartridge (Waters). For MS analysis, one-fifth of the permethylated glycans were supplemented with 10 pmol of an exogenous glycan standard (maltotetraose) previously permethylated with isotopically heavy methyliodide ( 13 CH 3 I). The sample glycans added to standard were adjusted to a 50-l total volume and directly infused into an LTQ/Orbitrap mass spectrometer fitted with a nanospray ionization interface (Orbitrap Discovery, Thermo Fisher Scientific). Glycans were detected in FT full MS mode at 30,000 resolution, and an MS/MS-CID spectrum of each glycan ion was acquired by total ion mapping (78), as well as by data-dependent scans (79) . Glycan signal intensities were recovered from extracted full MS spectra (Xtract, Thermo Fisher Scientific), and glycan identities were assigned based on exact mass and CID fragmentation.
N-Glycosylation site occupancy of gp120 was determined by an 18 O-labeling procedure described previously (80) . Briefly, the sample was reduced by DTT (in ammonium bicarbonate buffer at 50°C for 1 h) and alkylated by iodoacetamide (room temperature in the dark for 1 h) followed by digestion with sequence grade trypsin or the combination of chymotrypsin/ Glu-C. After the proteolytic digestion, the sample was further deglycosylated with PNGase F in 18 O water (H 2 18 O) to convert the glycan-modified asparagine to an 18 O asparatic acid residue and then profiled by LC-nanospray ionization-MS/MS. The instrument used for the analysis was Orbitrap-Fusion equipped with an EASY nanospray source and Ultimate 3000 autosampler LC system. The LC separation was performed on a nano-C18 column using a water/acetonitrile gradient with formic acid. Full MS data were collected at 60,000 resolution in FT mode; MS/MS CID data and MS/MS-HCD activation data (both in FT mode) were obtained for each precursor ion.
For direct glycopeptide examination, gp120 samples were reduced, alkylated, and digested with trypsin. The tryptic peptides/glycopeptide were then separated and subjected to LC-MS analysis.
MS analysis of azido-sugar incorporation
For the analysis of azido-sugar incorporation into gp120 by LC directly in-line with MS (LC-MS/MS), two common steps employed in conventional proteomics, reduction and carboamidomethylation of cysteine, were skipped to prevent modification of the azide group. 10 g of the protein material was resuspended in 50 mM ammonium bicarbonate and digested with sequential grade trypsin (Promega) at 37°C overnight. The sample was dried, and an aliquot was dissolved in mobile phase A (0.1% formic acid in distilled H 2 O) and filtered with 0.2-m filters (Nanosep, PALL) for LC-MS analysis. The LC-MS analysis was performed on Orbitrap-Fusion equipped with an EASY nanospray source and Ultimate3000 autosampler LC system (Thermo Fisher Scientific). The sample separation was performed on a nano-C18 column (Acclaim pepMap RSLC, 75 m ϫ 150 mm, C18, 2 m) via an 80-min gradient of increasing mobile phase B (80% acetonitrile, 0.1% formic acid in distilled H 2 O) at a flow rate of ϳ300 nl/min into the mass spectrometer. For online MS detection, full MS data were first collected at a resolution of 60,000 in FT mode, and MS/MS with CID, HCD, or ETD activation data (all in FT mode) were obtained for each precursor ion by data-dependent scan (top-speed scan, 3 s). The resulting data were analyzed manually with the use of Byonic software (Protein Metrics). For the preliminary data Specific labeling and tracing of gp120 glycans analysis of glycopeptides without azide incorporation by Byonic software, Byonic parameters were set to allow 20 ppm of precursor ion mass tolerance and 20 ppm of fragment ion tolerance with monoisotopic mass. The search was performed against a pSyn gp120 sequence with the human/mammalian N-glycan database (default N-glycan database in the Byonic software). Azide-incorporated glycopeptides were searched by manual data interpretation of the raw LC-MS data based on the preliminary data analysis results. Before profiling of azide-incorporated gp120, LC-MS analysis of reduced and alkylated gp120 and direct infusion analysis of released N-linked glycans were performed to define the full diversity of glycans and glycopeptides. These data provided a reference set for searching the azide-incorporated LC-MS results. Graphical representation of monosaccharide residues is consistent with the symbol nomenclature for glycans (SNFG), which has been broadly adopted by the glycomics community (81) .
BMDC induction
Dendritic cells were generated from bone marrow as described previously (7) . Briefly, bone marrow was flushed out from the tibiae and femurs of 6 -8-week-old female BALB/c mice (Taconic Biosciences) and depleted of red blood cells with ACK (ammonium-chloride-potassium) lysing buffer (Thermo Fisher Scientific). The mouse studies were performed under an approved University of Georgia animal use protocol (AUP, A2016 11-022-Y1-A0).The bone marrow cells were first incubated in RPMI 1640 supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin, and 100 g/ml streptomycin in a T-75 flask (Thermo Fisher Scientific) at 37°C for 2 h to remove macrophages. The remaining cells were harvested and plated in T-75 flasks (5 ϫ 10 6 cells/flask) in BMDC induction medium (15 ml of RPMI 1640 supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 1% (v/v) MEM nonessential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine (Thermo Fisher Scientific), 50 M ␤-mercaptoethanol (Gibco), and 20 g/ml GM-CSF (PeproTech)) at 37°C in a humidified atmosphere containing 5% (v/v) CO 2 . On days 3 and 6, the cell culture was supplemented with 10 ml of fresh medium. BMDCs were collected on day 8 for binding and uptake experiments.
gp120 uptake by BMDCs
BMDCs were incubated with 30 g/ml Alexa Fluor 488labeled gp120-GalNAz in BMDC induction medium without GM-CSF at 37°C for 0, 10, 20, 30, 60, 120, and 180 min. At each time point, cells were collected and washed twice with either cold PBS or acid buffer (0.2 M acetic acid and 0.15 M NaCl, pH 3) on ice for 4 min to remove residual surface proteins. Then the cells were stained for surface CD11c expression using antimouse CD11c antibody (Biolegend, clone N418) and analyzed by flow cytometry for fluorescent signal. Surface staining of cell suspensions was performed in PBS containing 0.1% BSA solution at 4°C. Samples were analyzed on CyAn (Beckman Coulter, Hialeah, Florida). Data were analyzed using FlowJo software (Treestar, Inc., Ashland, OR).
For confocal microscopy, 7 ϫ 10 4 BMDCs were seeded on an 8-well chamber slide (Thermo Scientific TM Nunc TM Lab-Tek TM Chamber Slide TM ) and incubated with 150 g/ml of each of the three types of Alexa Fluor 488 -labeled gp120-GalNAz, respectively, for 0.5 and 1 h. Cells were fixed in 4% polyoxymethylene, and cell nuclei were stained with 2 g/ml Hoechst 33342 dye (Life Technologies). Images were acquired with a FV1200 confocal microscope (Olympus Life Science). 
